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Common eelgrass, Zostera marina, is the most widespread marine plant on earth and 
plays a crucial role in supporting commercial fisheries, marine nutrient cycling, and marine 
biodiversity. Despite their importance, eelgrass and other seagrasses are in decline at a rate 
matching or exceeding other highly threatened habitats such as coral reefs. At my study site, 
Casco Bay Maine, eelgrass meadows experienced a 50% decline between 2012 and 2013. The 
decline and failure of eelgrass restoration has been attributed to the invasive green crab Carcinus 
maenas, but there are potentially other species that could contribute to restoration failures such 
as the native eastern mud snail, Tritia obsoleta. Currently, mud snails are considered to have a 
beneficial effect on eelgrass growth by grazing epiphytes. However, a critical aspect of mud snail 
biology has not been considered: mud snails preferentially lay high densities of egg capsules on 
eelgrass to avoid benthic predation. I found that a single layer of mud snail egg capsules can 
reduce available surface irradiance by 67%, and at environmentally observed densities of 10 
layers, 98% of surface irradiance is blocked.  With 98% surface irradiance blocked eelgrass, is in 
a negative carbon balance and could experience an increase in mortality. When the benefits of 
mud snails as eelgrass epiphyte grazers and the potential negative effects of their light blocking 
egg capsules are combined, I found that there was a net negative effect on eelgrass growth, 
although the effect was not significant. I found support for the strong laying preference of mud 
snails for eelgrass throughout the mating season. In total, I found that mud snail egg capsules 
have the potential to profoundly affect the light reaching eelgrass and their June mating season 






Common eelgrass, Zostera marina, is the most widespread marine plant on earth; it is 
found in all of the world’s oceans except for the Southern Ocean and has significant effects on 
global biogeochemical cycles, human resource use, and biodiversity (Duffy 2014; Kennedy et al. 
2010). While eelgrass and the other seagrasses of the earth only account for about 0.1% of the 
world’s ocean by area, they are responsible for 10-18% of carbon burial in the oceans (Kennedy 
et al. 2010). In addition to carbon sequestration, eelgrass and the habitats it creates play an 
important role in the fixation of nitrogen in the world’s oceans (Kennedy et al. 2010). Seagrasses 
are also economically valuable. The yearly global value of nutrient cycling by seagrasses has 
been assessed at $1.9 trillion (Waycott et al. 2009). Additionally, seagrasses act as a nursery for 
commercially valuable fish species, and are essential for subsistence-based coastal communities 
(Waycott et al. 2009). Seagrasses are also important physical barriers that slow wave energy to 
prevent shoreline erosion and minimize the impacts of extreme weather events. Lastly, 
seagrasses promote the settlement of entrained sediments and absorb nutrient loading in the 
water column (Hemminga & Duarte 2000). When accounting for these additional ecosystem 
services, seagrasses can provide $213 m-2y-1 in savings (Tuya, Haroun, & Espino 2014). Eelgrass 
also acts as an ecosystem engineer by creating thick reef-like beds with its roots that help to 
stabilize sediments and provide substratum for other organisms. As a result, the biodiversity 
within seagrass meadows is orders of magnitude higher than surrounding unvegetated areas 
(Hemminga & Duarte 2000; Lefcheck, Marion, & Orth 2017). Seagrass meadows also promote 
diversity in adjacent habitats via the spillover of organisms and supply large amounts of carbon 
rich detritus. 
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Despite the many benefits seagrasses provide for mankind and marine biodiversity, 
seagrasses are experiencing a global crisis (Orth et al. 2006a).  Currently, seagrass meadows of 
the world are declining with a median loss rate of 7% per year since 1990 (Waycott et al. 2009). 
Seagrass loss rates greatly exceed that of other threatened marine ecosystems such as coral reefs, 
which experience a loss of 1.5% annually (De’ath, Fabricius, Sweatman, & Puotinen 2012). The 
global loss of seagrasses has spurred the creation of multinational monitoring programs such as 
ZEN (Zostera Experimental Network) and SeagrassNet that seek to assess the loss of this world 
resource and identify knowledge gaps in our understanding of seagrass (Short 2010; Duffy 
2014). In addition to focused research directives, others have taken direct action by planting 
seagrass plants in impacted seagrass meadows (Orth et al. 2006b). Because seagrasses are marine 
angiosperms, restoring seagrass can be achieved in two ways. First, seagrass shoots that clonally 
form off existing plants can be transplanted into impacted areas. Second, seeds produced 
sexually through flowers can be planted in impacted areas (Orth et al. 2006b). Thus far, most 
successful seagrass restoration projects have utilized transplanting, as the development of seed 
based restoration is still in development (Orth et al. 2006b). As an example of successful 
restoration, restorations in the Chesapeake Bay area have restored over 1800ha of seagrass 
meadows that were absent for nearly six decades (Lefcheck et. al 2017).    
 Global seagrass decline has been attributed to a broad range of anthropogenic and natural 
mechanisms that either directly or indirectly lead to losses of seagrass. One natural mechanism 
that can lead directly to seagrass loss is disease. Seagrass beds are often a monoculture of a 
single species, making them highly susceptible to large outbreaks. In fact, wasting disease in the 
1930’s killed 90% of eelgrass beds in the North Atlantic (Renn 1934; Renn 1935; Dawkins et al. 
2018). In addition to disease, seagrass meadows can be uprooted or buried by large coastal 
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events such as cyclones or tsunamis. Similarly, seagrass meadows are directly destroyed by 
humans through destructive fishing practices, running aground in boats, anchoring in seagrass 
meadows, and engineering coastlines. Fishing practices can also indirectly affect seagrass 
ecosystems by removing higher trophic levels leading to trophic cascades that can negatively 
impact the maintenance of seagrass ecosystems (Jackson et. al 2001). Humans also greatly 
influence seagrass beds through the indirect modification of coastal ecosystems via the alteration 
of watersheds, which output more sediments and nutrients into coastal waters. The increased flux 
of nutrients and sediments into coastal waters leads to eutrophication and sedimentation and a 
subsequent decrease in water clarity by phytoplankton and sediments (Orth et al. 2006a; Waycott 
2009). 
The mechanistic cause for seagrass declines under conditions of sedimentation and 
eutrophication is primarily light limitation, an issue that afflicts both tropical and temperate 
seagrass beds (Orth et al. 2006a; Ralph, Durako, Enriquez, Collier, & Doblin 2007). Seagrasses 
require some of the highest light levels of any plant group in the world. Some species require as 
much as 25% of incident radiation in comparison with just 1% required by other angiosperms 
(Orth et al. 2006a; Ralph et al. 2007). Because seagrasses occur in coastal, sheltered habitats, 
seagrasses are often disproportionately affected by decreases in light availability due to nutrient 
runoff relative to coral reefs and mangroves.  Light limitation to seagrass blades generally occurs 
through two mechanisms. First, light can be attenuated in the water column through suspended 
sediments and algal blooms (Orth et al. 2006a; Ralph et al. 2007). Second, light can be 
attenuated at the surface of seagrass blades with the direct fouling of blades by epiphytes and 
sessile invertebrates (Long & Grosholz 2015). Through the use of artificial seagrass blade studies 
to measure epiphyte fouling, Stankelis, Naylor, & Boynton (2003) found that epiphytes can 
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reduce available surface irradiation from 30% at 1m to 7%, a reduction that pushes seagrasses 
into a negative carbon balance. Stankelis et al. (2003) attributed light attenuation from epiphytes 
as a main cause of seagrass decline in Patuxent River. Additionally, Brush & Nixon (2002) 
demonstrated the slope of the attenuation curve is steepest at low densities (5-15mg/cm^2). 
Therefore, even smaller loads of epiphytes can still have substantial impact on seagrass growth 
and survival (Brush & Nixon 2002). In a similar way, the fouling invasive tunicate Didemnum 
vexillum was found to cover on average 15-20% of the shoot length of eelgrass in the field (Long 
& Grosholz 2015). In both the field and a laboratory mesocosm experiment D. vexillum fouling 
led to significantly less above ground growth in comparison to unfouled plants (Long & 
Grosholz 2015).  Prior studies have shown that the negative effects of fouling epiphytes and 
sessile invertebrates can be offset by organisms, that can directly graze off these fouling 
organisms (Kinlan, Cebrian, Hauxwell, & Valiela, 1997; Waycott et al. 2009). Prior studies have 
suggested that intertidal mud snails may have a beneficial effect on healthy eelgrass populations 
due to mud snail grazing of algae that fouls eelgrass blades (Kinlan et al. 1997). Jaschinski & 
Sommer (2008) demonstrated that the grazing gastropod Rissoa membranacea and grazing 
isopod Idotea baltica increased eelgrass productivity in accordance with their grazing of 
epiphytes off of eelgrass blades. Through trophic cascades mediated by the removal of top 
predators, many of these grazing and bulldozing species have been reduced or functionally 
removed from seagrass ecosystems leading to an increase in fouling (Waycott et al. 2009). 
However, the net effect of grazing animals on seagrasses may not always be positive. Epiphyte 
grazing species such as the intertidal mud snail Tritia obsoleta lay egg masses on seagrass, 
increasing the fouling of seagrass during their summer reproductive season (Harmon & Allen 
2018). Considering reproductive structures deposited on seagrasses as a source of fouling will 
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require the reevaluation of several animal-seagrass interactions.  For example, the Pacific herring 
shows a strong preference for certain vegetation types such as the eelgrass.  Shelton et al. (2014) 
found that Pacific herrings can lay on eelgrass with a mean density of 58 eggs/cm2. Pacific 
herrings have shown to benefit greatly from the presence of seagrass as a location for safe egg 
capsule deposition and as a nursery for young, but the effects of Pacific herrings eggs on 
seagrass has not been directly considered (Shelton et al. 2014). The eastern mud snail and Pacific 
herring are currently considered to have net positive and net neutral effects on seagrass 
respectively, despite the potentially negative effects of their eggs (Kinlan et al. 1997; Shelton et 
al. 2014; Harmon & Allen 2018). 
In Casco Bay, ME, there has been a 50% loss of eelgrass meadows between 2012 and 
2013. Current research primarily attributes the rapid loss of eelgrass and the difficulty with 
transplanting eelgrass to the population explosion of the invasive green crab Carcinus maenas 
(Neckles 2015a). Other, more widespread, causes of eelgrass decline such as light limitation and 
eutrophication have been ruled out because the distribution of remaining eelgrass beds at 
different depths is inconsistent with light limitation, and sediment organic content did not signal 
any eutrophication events during the decline (Neckles 2015a). While there was no green crab 
monitoring in place in Casco Bay during the period of rapid eelgrass decline, shellfish fishermen 
reported high numbers of green crabs in near shore environments (Neckles 2015a). Adult green 
crabs do not directly eat eelgrass but rather damage the blades and shoots while foraging through 
the sediments for benthic prey items. Juvenile green crabs have also been observed directly 
consuming the meristemal tissue of eelgrass. The continued presence of green crabs in Casco 
Bay is also thought to have contributed to variable transplanting success in restoration efforts. 
Neckles (2015a) found that transplanted eelgrass shoots had a mean survival of 24% in 
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comparison to those within enclosures, which had a mean survival of 82%. Green crabs can 
likely maintain high populations around eelgrass beds due to the high abundance of their prey, 
the intertidal mud snail T. obsoleta. One potential reason for varied success of restoration efforts 
is an incomplete understanding of how mud snails affect the growth and survival of eelgrass 
(Neckles 2015a). 
         In Casco Bay, mud snails occur at densities exceeding 8,000 snails/m2, and cover eelgrass 
in egg capsules up to 10 layers thick (Harmon & Allen 2018). The dense coverage of eelgrass 
blades by mudsnail egg capsules could block incoming light and decrease the ability of eelgrass 
to grow similar to fouling epiphytes and sea squirts (Brush & Nixon 2002; Stankelis et al. 2003; 
Zieman and Frankovich 2005; Long & Grosholz 2015). The potential negative effects of mud 
snail egg capsules would be exacerbated with transplanted eelgrass plants because they bear no 
physiological link to nearby clones that could provide carbon to relieve the light-starved shoot in 
a process called clonal integration. Additionally, eelgrass transplants of juvenile plants have less 
available leaf surface area for mud snails to lay on, potentially leading to full coverage and 
layering of egg capsules at lower densities of mud snails. Lastly, current eelgrass restoration 
programs have transplanted juvenile eelgrass plants during early summer, which is the peak of 
mud snail mating season (Neckles 2015b). Transplanting in early summer would expose 
transplanted eelgrass plants to peak mud snail mating season at their weakened state (Short & 
Coles 2001; Orth et al. 2006b). To address this potentially significant mud snail-eelgrass 
interaction, the present study will address the following questions: 1) How much 
photosynthetically active radiation do mud snail egg capsules block? 2) What is the net effect of 
both mud snail adults and their egg capsules on the growth and survival of eelgrass? 3) Does 




All field experiments were conducted in the summer of 2018 on mudflats adjacent to the 
Bowdoin College Schiller Coastal Studies Center (SCSC) on Orr’s Island, Maine (43° 79’ N, 69° 
95’ W; Harmon & Allen 2018) and in the flow-through seawater lab of the Bowdoin SCSC. The 
seawater used in the lab was pumped directly from Harpswell Sound and filtered to 10µm with a 
sand filtration system. Mud snails (Tritia obsoleta), eelgrass (Zostera marina), sand collars 
(reproductive structures of Euspira heros), bladderwrack (Fucus vesiculosus), soft shelled clam 
shells (Mya arenaria), hard shell clam shells (Mercenaria mercenaria), blue mussel shells 
(Mytilus edulis), and European oyster shells (Ostrea edulis) were collected from the mudflats 
adjacent to the SCSC and occasionally from other mudflats in the greater Harpswell Sound area. 
I conducted additional laboratory experiments in the spring of 2019 in the Biology 
Department at The College of William & Mary, Williamsburg, VA. The mud snails for the 
Virginia experiments were collected from the public beach in Cape Charles, VA (37.2679° N, 
76.0174° W) and kept in recirculating aquaria at 32 ppt and ~21ºC to induce egg laying. 
Light Attenuation of Egg Capsules: 
To explore the mechanistic underpinnings of the potential negative effects of mud snail 
egg capsules on the growth and survival of eelgrass, I measured how much light attenuates 
through egg capsules laid on eelgrass blades. Specifically, I measured the amount of 
Photosynthetically Active Radiation (PAR; 400nm-700nm) blocked by mud snail egg capsules. 
My methods closely mirrored prior studies that investigated the effects of fouling algae on the 
amount of PAR reaching eelgrass blades (Stankelis et al. 2003, Frankovich & Zieman 2005). 
Similar to these studies, I used a Light Attenuation Measurement Apparatus (LAMA) to measure 
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the amount of light penetrating through artificial blades of seagrass that were fouled with egg 
capsules. Light penetration through the artificial blade was measured over a 1.65cm2 area. I then 
compared the light penetration through fouled artificial blades to that penetrating unfouled 
artificial seagrass blades (Fig. 2 from Stankelis et al. 2003). The LAMA consists of a submerged 
rail in which artificial seagrass blades can be slid into place above a LI-COR 192 SA Quantum 
Sensor that measures the PAR penetrating through the artificial blade (Stankelis et al. 2003; 
Frankovich & Zieman 2005). All measurements were taken with the LAMA submerged in 
filtered seawater in a room with a single artificial light source. I used a grow lamp producing 
approximate average observed emission levels of 105 ± 4 µmol photons m-2s-1 (Stankelis et al. 
2003) which is approximately equal to the irradiance value of 90-105 µmol photons m-2s-
1observed by Stankelis et. al (2003). With a LI-COR 250A I recorded five 15 second averages of 
PAR reaching the quantum sensor for each data point yielding an average transmission value in 
µmol photons m-2s-1. I then converted these measurements in µmol photons m-2s-1 to the 
proportion of light penetrating through the fouled blade (Ix) relative to unfouled blades (I0) using 
equation 1, based on Frankovich & Zieman (2005): 
 Ix/I0=PAR Transmission 
The principal question I wanted to answer with the LAMA was how increasing layers of egg 
capsules affect PAR transmission. To measure PAR transmission through multiple layers of egg 
capsules, I glued one circular face of a cylindrical Mylar™ tube with a diameter of 1.45 cm and a 
height of 10.75 cm to a strip of Mylar™ so that egg capsules could be stacked within the tube 
and light could be measured through the strip. I then positioned this strip of Mylar™ in the 
LAMA so that light would come through the tube, any egg capsules within it, and the basal 
Mylar™ strip. To decrease light measured by the quantum sensor that wasn’t passing through the 
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tube I wrapped the tube in aluminum foil. When calculating PAR transmission I assigned the 
tube with no egg capsules within it as I0 , and I assigned the tube with egg capsules as Ix (Eq. 1). 
With this modified set up, ambient light levels were lower than those in other experiments, 
averaging 26 µmols of photons m-2s-1. I defined a single layer of egg capsules within the tube as 
19.4 egg capsules /cm2 when divided by the area of the base of the tube based on how many egg 
capsules I could fit in the tube before egg capsules were stacking. I then calculated the PAR 
transmission for 1, 2, 3, 4, 5, and 10 layers of egg capsules. Prior studies have observed up to 10 
layers of egg capsules on eelgrass blades on the mudflats adjacent to the SCSC (Harmon & Allen 
2018). I tested three independent sets of egg capsules, all collected from tide pools on Mussel 
Beach adjacent to the Bowdoin SCSC (43° 79’ N, 69° 95’ W; Harmon & Allen 2018). 
After measuring the effects of multiple layers of egg capsules on PAR transmission, I measured 
the effect of egg capsules on PAR transmission at lower densities (i.e. less than one layer of 
capsules) during the spring of 2019.  I then used the LAMA to measure the PAR transmission of 
capsules at densities of 3.03 egg capsules/cm2, 6.06 egg capsules/cm2, 12.1 egg capsules/cm2, 
and 19.4 egg capsules /cm2. At each density I measured the light attenuation of each replicate in 
three arrangements (diffuse, clustered, and evenly spread) to capture the full range of variability 
in light attenuation due to the exact position of the egg capsules. These arrangements were dined 
relative to the location of capsules to the center of the quantum sensor. For the low density and 
variable arrangement experiment and all following LAMA experiments, I kept egg capsules in 
place by wedging them between two artificial blades made of Mylar™ rather than using the tube 
described for the layering experiment. I used these two artificial blades with egg capsules 
wedged as Ix and the two blades without any egg capsules between them as I0 (Eq. 1). I then 
applied this proportion of reduction to the average light levels in June in Casco Bay to compute 
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the PAR reaching eelgrass fouled with egg capsules in the field. Lastly, I used Ochieng et al. 
(2010) to determine if this shifts plants into a negative carbon balance. 
I also recorded the mass of egg capsules after drying them in an oven at 59°C for 48 
hours. With the average mass of an egg capsule I could convert measures of egg capsule density 
to dry weight to make the results more transferable to studies measuring the effects of epiphyte 
loads on PAR transmission (Brush & Nixon 2002; Stankelis et al. 2003; Frankovich & Zieman 
2005). As mud snail egg capsules develop, the opacity and color of the egg capsule changes from 
initially an opaque white, to opaque grey, to transparent clear husks (JD Allen, personal 
communication). I used the LAMA to measure PAR transmission through egg capsules laid in 
the lab in each of these three phases of development at variable densities with snails collected in 
the June of 2018 from Mussel Beach.  
In addition to measuring PAR transmission through development, I considered how egg 
capsule husks might foul in the weeks following hatching but before egg capsules fell off or 
eelgrass blades were shed. To investigate if the fouling of the empty egg capsule husks could 
block more light than just the clear husks, I measured the PAR transmission through fouled egg 
capsules, then transmission through the same egg capsules after they were cleaned. I collected 
five independent clusters of egg capsules off of Mussel Beach and read transmission five times 
for each replicate. The egg capsule density on the blades was fixed at 6.06 egg capsules per cm2. 
         After considering how fouling condition can affect PAR transmission, I measured PAR 
transmission of egg capsules submerged in water or exposed to air, as that could affect the way 
light passes through the egg capsules at high and low tide. To test this, I measured the PAR 
transmission through specific egg capsules at a density of 6.06 egg capsules per cm2 in and out of 
water in the summer of 2018. In total, I repeated this for three independent clusters of egg 
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capsules off of Mussel Beach and read transmission five times for each replicate. In all prior 
experiments, excluding the laying experiment, egg capsules were held in place between two 
blades of Mylar in which most egg capsules were on their side. To determine the effects of egg 
capsules orientation relative to the light source I measured the PAR Transmission through egg 
capsules on their side and standing up at a fixed density. Egg capsules were held in place 
between two strips of Mylar.   
Mesocosms 
I sought to measure the potential benefits of mud snails as algal grazers against the 
proposed inhibitory effects of egg capsules in controlled mesocosms.  In my experiment I 
manipulated the presence or absence of snails and egg capsules. These two manipulations, when 
crossed together, yielded a total of four treatment groups: 1) egg capsules and snails, 2) egg 
capsules only, 3) snails only, and 4) neither egg capsules nor snails. 
  I began by collecting eelgrass from the mudflats next to the SCSC. By hand, I carefully 
uprooted 20 eelgrass plants, each with 4 shoots, from the soft sediment to minimize unintended 
rhizome breakage. I chose plants with 4 clonally grown shoots, so that I could eventually expose 
a representative shoot of a given genotype to each of my four experimental treatments (Short 
2001) (Figure 2). After collection, I brought all eelgrass plants into the SCSC where I cleaned 
and measured the lengths and widths of the third youngest leaf at each shoot position on the 
plant. I chose this leaf because it is typically the youngest fully mature leaf so it would likely 
persist through the duration of the experiment and I could use it to identify particular plants if 
they were uprooted. On each shoot, I punched holes approximately 1 cm below the top of the 
sheath to later measure growth with the ‘hole punch method’ (Gaeckle & Short 2002). Then, I 
cut plants along the rhizome to separate each of its four shoots. I then trimmed the shoots so that 
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each had approximately 2 cm of rhizome, one root bundle, and no visible lateral shoots. With the 
plants prepared, I then set up a total of 20 Sterilite mesocosms (27.9cm x 16.8cm x 13.7cm) with 
approximately 1.5L of sediment from the mudflat, resulting in a depth of 3 cm of sediment per 
mesocosm. I removed the finer particles of sediment used in mesocosms with a hose as 
preliminary trials showed the sediment was too fine and remained suspended in the mesocosm, 
decreasing water clarity. I then randomly assigned four unique plant genotypes to a community 
(Figure 2). The clonal representatives of each of community would be exposed to each the four 
experimental treatments across 4 mesocosms (one for each treatment). I repeated this sorting 
process until I generated 5 communities each with four mesocosms, yielding a total of 20 
mesocosms. 
         After I planted all eelgrass shoots, I randomly assigned the four treatments within each 
community and added mud snails to 3 of the 4 treatment groups: 1) eggs and snails, 2) eggs only, 
3) snails only. I then added 100 adult mud snails to each mesocosm that had been assigned the 
egg capsules and snails, egg capsules only, or snails only treatments (Figure 2). Each mud snail 
was randomly assigned to one of the 20 mesocosms and its length was recorded so that average 
mud snail size could be calculated for each mesocosm.  I removed snails from the ‘eggs only’ 
treatments, and removed eggs from the ‘snail only’ treatments on day 10 of the experiment after 
to allow for sufficient egg laying by mud snails. Throughout the experiment mesocosms received 
a constant supply of filtered (10 µm) seawater in the SCSC wet lab and were exposed to natural 
light through a series of large windows adjacent to the tanks. I recorded the light levels three 
times daily for the first week at various positions in my flow through set up. To account for the 
differential in light level between the various tank positions in my mesocosms I rotated them 
daily after I removed egg capsules on day 10. As noted above, the growth of eelgrass shoots was 
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measured via the ‘hole-punch method’ (Gaeckle & Short 2002). While the ‘hole punch method’ 
has been criticized in the past for underestimating growth due to leaf cell maturation and 
miscounting new leaves (Gaeckle 2002), prior studies have shown that this method can still be 
accurate if the allocated growth interval exceeds the plastochron interval (Gaeckle & Short 
2002). The best estimate of the plastochron interval for the eelgrass collected comes from 
Neckles (2015a), who found a plastochron interval of 14 days for eelgrass in Casco Bay, Maine 
in the summer. On day 20, I uprooted eelgrass plants, removed epiphytes and egg capsules from 
each leaf with a glass slide, and gently washed them in deionized water. I measured the 
dimensions of the third youngest leaf on each shoot, recorded the number of egg capsules on the 
leaf, and stored the epiphytes to later determine their dry weight. I took the measurements of the 
third leaf, which is typically the largest, to get an approximate measure of the average number of 
egg capsules laid on leafs per unit area and the average weight of fouling epiphytes per unit area 
(Short & Cole 2001; Gaeckle & Short 2002).  After I took the dimensions of the third leaf on 
each shoot and counted egg capsules on the blade, I removed new growth as indicated by the 
‘hole punch method’ with a razor and stored it in an aluminum foil bag and placed the remainder 
of the plant in a separate aluminum foil bag. I dried these samples in the sun and stored them in a 
refrigerator until I had access to a drying oven. The samples from mesocosms processed on the 
first day of experimental break down were stored in the refrigerator for 4 days, while samples 
from mesocosms broken down on the last day were stored in the refrigerator for 1 day. I dried 
the epiphyte samples, new growth eelgrass samples, and the full plant eelgrass samples in the 
oven for 24 hours at 60°C to determine their dry weights. The process of measuring plants and 
removing new growth took longer than anticipated and therefore not all plants were uprooted on 
the same day. I began removing shoots and measuring new growth on day 20 of my experiment, 
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but I did not finish these measures until day 25. I accounted for variability in growing time by 
dividing the new growth observed by the number of days the shoot was allowed to grow. 
Similarly, I accounted for variable shoot size by dividing the dry weight of new growth of the 
plant by the dry weight of the full shoot yielding a proportion of growth. I predicted that the 
relative growth rates of eelgrass in different treatments would follow the trends outlined in 
Figure 3. In this scenario, egg capsules were predicted to inhibit eelgrass growth, while snails 
provide positive benefits to the eelgrass by grazing algae and fertilizing plants with their 
nitrogenous waste products. The negative effects of egg capsules were  predicted to outweigh the 
positive benefits resulting in an intermediate reduction in growth. 
Substrate Preference: 
Prior work has shown that mud snails selectively lay on eelgrass above all other naturally 
occurring substrates including sand collars (egg masses of Euspira heros), bladderwrack (Fucus 
vesiculosus), soft shelled clam shells (Mya arenaria), hard shell clam shells (Mercenaria 
mercenaria), blue mussel shells (Mytilus edulis), and European oyster (Ostrea edulis; Harmon 
and Allen, 2018). However, in warm tide pools near the SCSC mud snails appear to lose their 
laying selectivity and lay on a variety of substrates including bladderwrack, Fucus vesiculosus, a 
highly abundant macroalga in the intertidal (Harmon & Allen 2018) (Figure 4). A decrease in 
selectivity with increasing temperature could signal that, at the end of the reproductive season, 
mud snails accept a less favorable substrate rather than deferring egg capsule deposition to future 
years. In the summer of 2018 I assessed the effects of temperature on mud snail laying 
preference with substrate choice assays at ambient seawater temperatures and at temperatures 
observed mid-summer in tidal pools. Each substrate choice assay initially consisted of a 
container of adult snails (>15mm shell length) in Sterilite® containers (15 x 21 x 7.5 cm) with a 
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choice of each of the substrates mentioned above. In my initial experiment I added 20 adult 
snails to each Sterilite® container with three replicates in a water bath at ambient seawater 
temperature and three replicates in a water bath heated to to 26°C to emulate tide pool 
temperatures. I counted how many egg capsules were laid on the different substrates every day 
for the first 6 days. I changed the water within the Sterilite® containers whenever egg capsules 
were counted and rotated the locations of the containers within their respective water baths. I 
then repeated the experiment with the water bath heated to 26°C to mimic the high temperatures 
observed in the tide pools midsummer. Additionally, I added air stones in the second experiment 
to allow ample oxygen to reach the snails. In this experiment I counted egg capsules laid on 
substrates on days 1, 3, 6, and 8. 
         I also investigated if the excessive laying of mud snail egg capsules on bladderwrack in 
the tide pools was intrinsic to the snails present in the tide pool. In order to test this I allowed 20 
adult snails collected from the warm tide pools to lay egg capsules in Sterilite® containers with a 
choice of each of the eelgrass and rockweed as substrates. In total, I had five replicate containers 
all kept at ambient seawater temperatures. I counted the number of egg capsules laid on eelgrass 
and bladderwrack on days 5 and 10. 
Statistical Analyses: 
I performed all statistical analyses in R (3.5.1) or SPSS (Version 22).  To test for a 
relationship between layers of egg capsules, low densities of egg capsules, and egg capsules 
through development on PAR transmission I used the curve estimation procedure in SPSS. I 
tested for significant correlations with linear, logarithmic, quadratic, cubic, inverse, compound, 
power, S, exponential, growth, and logistic curves. The appropriate curve was then determined 
by examining the adjusted R2 value of the fit and its biological relevance. I used paired t-tests to 
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compare the PAR transmission between treatments when comparing fouling state, inundation of 
capsules, and the orientation of capsules. I then confirmed the assumption of normality of the 
paired t-tests with a Shapiro-Wilks test.          
For the mesocosm experiment I compared new growth between the 4 treatments with a 
mixed model ANOVA with community, treatment, and shoot position modeled as fixed effects 
and mesocosm modeled as a random effect. I then tested for pairwise differences between effects 
using a post-hoc multiple comparisons test with a Bonferroni correction. To confirm my data met 
the assumptions of normality of an ANOVA, I performed Shapiro-Wilks and Kolmogorov-
Smirnov tests. After considering a full model with all the terms mentioned above and their 
respective interaction terms, I removed any specific interactions that exceeded a p value  of 
0.250 and re-ran the analysis as a reduced model (Quinn & Keough 2002). 
         For the substrate preference experiment I also used a mixed model ANOVA with 
Bonferroni correction for post-hoc comparisons. For the model I considered substrate and 
temperature as fixed factors, container as a random factor and the arcsine square root adjusted 
proportion of egg capsules laid as the dependent variable. To confirm my data met the 
assumptions of normality of an ANOVA I performed a Kolmogorov-Smirnov test. As with the 
mesocosm experiment the interaction term between substrate and was removed to create a 
reduced model if it was highly insignificant (p > 0.250; Quinn & Keough 2002). 
Results 
Light Attenuation of Egg Capsules: 
         In total I found a strong negative relationship between the number of egg capsules placed 
on artificial blades and PAR transmission through the blades. In my experiment testing the 
effects of the number of layers of egg capsules on PAR transmission, I found a significant 
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(p<0.001), negative, logarithmic relationship between the number of layers of capsules and PAR 
transmission (y=0.152 + -0.0373 * log(x), Adjusted R2 = 0.935; (Figure 5). I found a significant 
(p<0.001) negative linear relationship between the densities of egg capsules up to what was 
considered one layer (y=0.98+ -0.009x, Adjusted R2 = 0.916; Figure 6). For Figure 7 the 
measured egg capsule densities were converted to dry weight after I determined that the mean 
dry weight of a capsule is 0.323mg +/- 0.0184mg (Figure 7). I did not run statistical analysis on 
PAR transmission of egg capsules through development at variable densities because I only had 
enough egg capsules for 1 replicate for each developmental stage (Figure 8). I found that grey 
capsules blocked the most light, followed by white capsules, then clear capsules. I found that at a 
fixed density of 6.06 egg capsules /cm2, fouled capsules blocked 18.3% of PAR transmission and 
clear egg capsules blocked 11% of PAR transmission (Figure 9).   The difference in PAR 
transmission through clean and fouled egg capsules was found to be significant with a paired t-
test (p=0.009) and met the assumptions of normality of the Shapiro-Wilks test (p=0.735) I found 
no significant difference between PAR transmissions through egg capsules in and out of water 
(p=0.236) and that the data met the assumption of normality of the Shapiro-Wilks test (p=0.797). 
Lastly, the egg capsules did not have significantly different PAR transmissions when upright and 
on their side with a paired t-test (p=0.826) (Figure 10). However, a Shapiro-Wilks test showed 
that the data did violate the assumption of normality (p=0.016). When log transformed the data 
was still insignificant (p=0.846) and was found to be normally distributed with a Shapiro-Wilks 
test (p=0.118). 
Mesocosms: 
         I compared the amount of new growth between the four mesocosm treatments (egg 
capsules and snails, egg capsules only, snails only, and neither egg capsules nor snails) with a 
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three-way ANOVA adjusted for post-hoc comparisons (Table 1 and Figure 11). My model used 
new growth of eelgrass as a response variable to three fixed factors, the resulting two-way 
interaction terms, and mesocosm as a random factor. The three fixed factors my model 
considered were treatment, community, and shoot position. I found a significant effect of all of 
the two-way interaction terms and an insignificant effect of all three fixed factors (Table 1). The 
effect of treatment on new growth yielded a p-value of 0.134 and F value of 2.364 (Table 1).  
The ANOVA test did not meet the assumption of normality, as shown by a Shapiro-Wilks and 
Kolmogorov-Smirnov tests yielding p<0.05. However, the ANOVA is robust to deviations from 
normality (Quinn & Keough 2002). 
Substrate Preference: 
         In my substrate experiment I used a two-way ANOVA considering temperature, 
substrate, and the interaction term between temperature and substrate on the arcsine square root 
adjusted proportion of egg capsules laid. I found a significant effect of substrate on the 
proportion of egg capsules laid (p < 0.001) and no significant effect of temperature on the 
proportion of egg capsules laid on each substrate (p = 0.824; Figure 12). After considering the 
full model, I removed the insignificant interaction term between temperature and substrate (p > 
0.250). The reduced model once again revealed a significant effect of substrate on the proportion 
of egg capsules laid (p<0.001) and no significant effect of temperature on the proportion of egg 
capsules laid on each substrate (p=0.813).  A Kolmogorov-Smirnov test revealed that the data 
did not differ significantly from a normal distribution (p=0.142) Lastly, I used a one-way 
ANOVA to compare the arcsine square root adjusted proportion of egg capsules by tide pool 
snails at ambient temperature (Figure 13). There was a significant effect of substrate on the 
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proportion of eggs laid (p<0.0001) with snails showing a preference for eelgrass and the data did 
not violate the Shapiro-Wilks test for normality p=0.067. 
Discussion: 
         Prior studies have shown that mud snails may have a positive impact on eelgrass growth 
and survival; however, I found that egg capsules have the capacity to significantly decrease the 
light reaching eelgrass (Kinlan et al. 1997; Harmon & Allen 2018). I found that a single layer of 
egg capsules, which is a density of 19.4 egg capsules /cm2, blocked on average 67% of incoming 
PAR. At the highest environmentally observed density of 10 layers (Harmon & Allen 2018) of 
egg capsules 98% of incoming PAR was blocked  (Figure 5). I also found that transmission by 
egg capsules varies through time as the outside of the capsules are fouled with epiphytes and 
possibly with development (Figure 10 and Figure 8). After establishing the light blocking 
potential of egg capsules, mesocosm results demonstrated that egg capsules had a negative 
impact on growth, while adult snails had a slightly positive impact on growth resulting in a net 
negative impact on eelgrass growth overall (Figure 11).  However, I lacked the proper eelgrass 
growing conditions and replication to detect a significant effect.  Lastly, I found that mud snail 
laying preference for eelgrass did not decrease significantly with higher temperatures and that 
mud snails that lay on bladderwrack in the field still prefer eelgrass when offered as a substrate 
in the lab (Figure 12 and 13). 
Light Attenuation of Egg Capsules: 
         Direct measures of PAR transmission through fouling epiphytes have long been used as a 
means to quantify the light blocking potential of epiphytes on seagrass blades (Brush & Nixon 
2002; Stankelis et al. 2003; Frankovich & Zieman 2005). These measures are typically achieved 
by various methods including: quantifying PAR transmission through a homogenized slurry of 
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epiphytes collected from seagrass blades (Sand-Jensen & Søndergaard 1981), PAR transmission 
through epiphytes accumulated on artificial seagrass blades (Stankelis et al. 2003; Frankovich & 
Zieman 2005), and direct measurements of PAR transmission by epiphytes on seagrass blades 
(Brush & Nixon 2002). In order to directly manipulate the densities of egg capsules present, I 
measured the PAR transmission through egg capsules on artificial seagrass blades. Additionally, 
to ensure that the orientation of the egg capsules on the artificial blade did not affect their PAR 
transmission, I measured PAR transmission through egg capsules upright or on their side and 
found no significant difference in their respective PAR transmissions (p=0.826) (Figure 10). 
         In my study of PAR transmission with different layers of egg capsules I found that light 
decreases logarithmically with increasing densities of egg capsules (Figure 5). Past empirical 
models have found that 11% of surface irradiance is the amount of light necessary for eelgrass 
plants to maintain a positive carbon balance (Zimmerman & Alberte 1991; Olesen & Sand-
Jensen 1993). However, a more recent study by Ochieng, Short, & Walker (2010) evaluated the 
effects of light limitation on whole eelgrass transplants (as opposed to calculating carbon 
compensation light levels using only a piece of photosynthetic leaf tissue as prior studies have 
done) and found that 11% of surface irradiance resulted in 81% mortality over the 81 day study 
period (Dennison & Alberte 1986). Ochieng et al. (2010) further found that at a surface 
irradiance of 34% it is unlikely that plants would survive the winter as they invest too heavily in 
photosynthetic tissue relative to tissue stores in the rhizome. Importantly for my study, Ochieng 
et al. (2010) conducted this mesocosm study in northern New Hampshire, a latitude that would 
likely yield comparable light exposure levels to Casco Bay, Maine. If we assume that no light is 
attenuated by the water column, plants covered in greater than two layers of egg capsules would 
drop below the 11% threshold of surface irradiance that Ochieng et al. (2010) found to be lethal 
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to eelgrass plants over their study period. Plants with exactly two layers of egg capsules would 
be at the cusp of the 11% surface irradiance threshold, receiving only 13% of surface 
irradiance. Even a single layer of egg capsules would reduce available surface irradiance to 33% 
of surface irradiance (Figure 5), which is less than the 34% of surface irradiance that is predicted 
to cause winter mortality of transplants (Ochieng et al. 2010). Therefore, even a single layer of 
egg capsules has the potential to negatively impact the growth and survival of eelgrass 
transplants. 
The negative impacts of egg capsules on eelgrass growth is also supported by comparing 
the raw light available to eelgrass plants in µmol photons m-2s-1. During July and August 2018 I 
recorded the average light levels 10 cm below the surface of the water at six different locations 
on Mussel Beach, adjacent to the Bowdoin College SCSC, at approximately 12:00pm. I found 
the average light level to be 1,425 +/- 22 µmol photons m-2s-1. Five layers of egg capsules could 
reduce this light level to 61 µmol photons m-2s-1 in just 10 cm of water.  Ochieng et al. (2010) 
determined that a mean light level of 65 µmol photons m-2s-1 was insufficient to sustain growth 
and resulted in mortality. Ochieng et al. (2010) further found that at a mean light levels of 
98µmol photons m-2s-1 the eelgrass shoots overinvested in leaf growth. When directly comparing 
available light in µmol photons m-2s-1, 5 layers of egg capsules would put a plant into a negative 
carbon balance and four layers would be unsustainable for long term growth (Ochieng et al. 
2010). Although plants with three layers or less could maintain a positive carbon balance at the 
solar maximum, the time period over which they experience net photosynthesis would be 
substantially reduced. Using data from Harmon & Allen (2018) I approximated an average egg 
capsule density in Casco Bay of 4.83 +/- 1.67 egg capsule/cm2 of eelgrass leaf tissue. With the 
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logarithmic line of best fit for my egg capsule layer experiment, I then calculated the average 
light blockage of mud snail egg capsules to be 17.5%. 
There are three additional factors that make the above calculations a conservative 
estimate of the light blocking potential of egg capsules. First, assuming that the water present 
above seagrass blades does not attenuate any percentage of surface irradiance likely 
overestimates the percentage of surface irradiance reaching eelgrass blades (MJ Brush, personal 
communication). Second, in my experiments the artificial blade was orthogonal to the light 
source at which light penetration would be at a maximum value. In the field, eelgrass blades are 
rarely directly orthogonal to the sky, so light would need to travel further through egg capsules to 
reach the blade (J Fourqurean, personal communication). Third, my calculation assumes no 
fouling of the egg capsules. The PAR transmission through egg capsules can be further affected 
by the additional fouling of egg capsule husks by epiphytes. I found that fouling of egg capsule 
husks with epiphytes can decrease PAR transmission by 7.3% at a fixed density of only 6.06 egg 
capsules/cm2 (Figure 9). Additionally, my preliminary data on the effects of developmental stage 
on PAR transmission suggest that PAR transmission changes with development (Figure 8). As 
capsules develop they change from white capsules, to grey capsules later in development, and 
eventually to clear husks. The color change from white to grey occurs when developing larvae 
use their lipid reserves and form dark eyes spots (JD Allen, personal communication). The final 
changes from grey to clear husks occurs when the snail veliger larvae leave the egg capsule. 
(Figure 8). Therefore, the effects of egg capsules on eelgrass in-situ are likely more severe than 
those predicted by my lab work. 
In the spring of 2019, I followed up my layering experiment by measuring PAR 
transmission through egg capsules at low densities up to 1 layer and found that at lower densities 
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PAR transmission through egg capsules followed a decreasing linear trend unlike my layer 
experiment and other epiphyte-light studies (Figure 6) (Brush & Nixon 2002). The discrepancy 
between my low density experiment and my layer experiment may also be due low replication 
(n=4) and a large interval between the densities measured. At the highest density tested of 19.4 
egg capsules /cm2 I found a mean light blockage of 31.7%. These values of PAR transmission 
are higher than the PAR transmission through egg capsules at an identical density found in the 
summer of 2018. The increase in PAR transmission observed in the spring of 2019 is likely due 
to the fact that egg capsules used in the spring of 2019 were potentially underdeveloped as the 
snails were artificially cued to lay with warmer temperatures out of season. Additionally, mud 
snails from Virginia may have smaller capsules than Maine mud snails regardless of the season 
cued. Future work should investigate the potential existence of a latitudinal cline in egg capsule 
size across the broad overlapping ranges of eelgrass and mud snails. 
Mesocosm: 
         In my mesocosm experiment to test the net effects of mud snails and their egg capsules 
on eelgrass growth and survival, I found no significant difference between the growth and 
survival of eelgrass across treatments (Figure 11). However, the trends in growth observed do 
mirror my predictions of relative growth rates (Figure 3). Mesocosms with only egg capsules had 
the lowest average growth rate, possibly due to the inhibitory effects of mud snail egg capsules 
and lack of grazing by adult mud snails. Mesocosms with only adult snails had approximately 
equal growth to control mesocosms. Past studies have added mud snails to eelgrass mesocosms 
to control epiphyte growth (Ochieng et al. 2010); however, in my study the snail treatment 
performed approximately equal to the control treatment. Mesocosms with mud snails and egg 
capsules grew at an intermediate level between the high growth of the snail-only treatment and 
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low growth of the egg capsule-only treatment, suggesting that adult snails may help to alleviate 
the negative effect of their egg capsules. In the field it may be unlikely that eelgrass plants would 
experience the same alleviation of the negative effects of egg capsules by the presence of adult 
snails. This is because in the field mud snails move around the flat in roving herds that could 
deposit egg capsules on eelgrass, then move elsewhere on the mud flat leaving eelgrass with only 
the negative effects of egg capsules (Brenchley & Carlton 1983).  
The primary factor that made it difficult to detect differences in treatments is a lack of 
overall growth. During my study I observed average new growth of 0.446 +/- 0.042 mg shoot-1 d-
1 (as dry weight) in comparison with a field study that observed growth of 10-30 mg shoot-1 d-1 in 
August in Kittery, Maine. This study also had a comparable growth interval to my study of 28 
days and plastachron interval of 12.5 days comparable to that of Casco Bay (Gaeckle & Short 
2001; Neckles 2015a) Over the first week my average light readings of light reaching the 
mesocosms was 20.3 +/- 7.23 µmol photons m-2s-2 which is below the light levels Ochieng et al. 
(2010) found at which plants could not maintain longer term growth. Additionally, light reached 
the mesocosm through a large window on an adjacent wall, which likely decreased daily light 
exposure for the plants. Lastly, windows can have filters on them or contain certain elements that 
reflect wavelengths of light that are necessary for plant growth (MA Case personal 
communication), and the exact specification of the windows in the SCSC is unknown. 
Another factor that could have contributed to the lack of resolution of my mesocosm 
study was potential genetic relatedness of plants designated as different plant genotypes. Because 
the range over which I collected eelgrass shoots may not have been large enough to ensure that 
the 20 genotypes used in my experiment were genetically unique, I may have sampled only a 
small genetically similar portion of the population.  Genetic uniqueness could be confirmed in 
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future studies with DNA markers (R Hughes personal communication). DNA markers would 
also allow for confirmation of clones without a physiological link so one could compare only 
genetically identical terminal shoots, as many other studies only use terminal shoots for growth 
experiments. Future studies should also consider measuring both above and below ground 
growth, as only measuring above ground growth can give an improper estimation of growth 
when plants disproportionality invest in photosynthetic tissue under low light conditions (Short 
& Cole 2001; Ochieng et. al 2010). In total, the net effects of mud snails on eelgrass is an area 
that will require further investigation with more appropriate eelgrass growing conditions to fully 
elucidate. 
Transplants: 
After exploring the effect of mud snails and their egg capsules in the lab I conducted a 
transplant experiment in the field. I transplanted eelgrass plants into areas of both high and low 
mud snail density to measure their survival and growth rates in Brewers Cove, a mudflat adjacent 
to the SCSC. I chose eelgrass plants from low in the intertidal zone of Brewers Cove and then 
randomly assigned them to a square array consisting of four plants in either an area of high mud 
snail density or an area of low mud snail density at approximately the same tidal elevation. I 
removed the eelgrass plants from their original location in the mudflat with a large section of 
PVC with a 10 cm diameter and height of 20 cm in a cookie cutter fashion. I transplanted 
eelgrass plants with sediment from their original location to increase survivability and remove 
sediment variability at the transplant sites as a factor (Orth et al. 2006b; E Shields personal 
communication).  After each plant was transplanted to its assigned location, I punched a hole in 
each visible shoot 1 cm below the sheath to later measure growth with the ‘hole-punch method’ 
(Gaeckle & Short 2002). After 16 days I returned to the transplants to count the number of egg 
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capsules on the plants and record the growth and survival of the different transplants. Growth for 
my transplant experiment was low in all treatments with no obvious hole punch marks found. 
Additionally, I found no egg capsules on transplants in the area of high mud snail density and 
minimal egg capsules on transplants in the area of low mud snail density. This is likely due to the 
timing of the transplant experiment in mid-July relative to peak mud snail mating season in mid-
June (Harmon & Allen 2018).          
  
Substrate Laying: 
Little is known about mud snail laying cues, but similar to other marine gastropods, 
increased temperatures trigger the beginning of their mating season during which they display a 
strong selectivity for eelgrass (Harmon & Allen 2018; Kanamori, Goshima, & Mukai 2004). 
While other marine gastropods show a strong substrate preference throughout the season, in 
Casco Bay, mud snails appear to lose their laying selectivity in warm tide pools where they lay 
on a variety of substrates including bladderwrack (Figure 4) (Kanamori et al 2004; Harmon 7 
Allen 2018). As energy reserves lower through time, many marine invertebrate larvae will 
become less selective as the cost of deferring settlement further outweighs the cost of finding a 
preferred substrate (Marshall & Keough 2003). Similarly, an increase in temperature could signal 
the end of the reproductive season, at which point the cost of waiting longer to deposit egg 
capsules outweighs the cost of choosing a substrate rather than deferring egg capsule deposition 
to future years.  Seasonal changes in substrate preference could also be driven by variable 
predation throughout the season. The pink bollworm moth Pectinophora gossypiella changes its 
laying preference throughout the season due to variable predation rates. In the early summer, it 
places its eggs on the vegetative structures of cotton plants when predation rates are high. In the 
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late summer, after predation rates have lowered, it lays its eggs on the reproductive structures of 
the cotton plant (Henneberry & Clayton 1982). A reduction in predation rates of mud snail egg 
capsules throughout the summer could also result in decreased selectivity for eelgrass, which has 
been shown to protect egg capsules from benthic predation (Harmon & Allen 2018). 
In my experiment testing the link between temperatures and laying selectivity I found 
mud snails preferred eelgrass at ambient and warm seawater temperatures (Figure 12). Similarly, 
when comparing the laying preferences of snails collected from a warm tide pool in which snails 
lay on bladderwrack, snails significantly preferred eelgrass to bladderwrack (Figure 13).  In fact, 
mud snails from the tide pool laid an even a higher proportion of their eggs on eelgrass (75%) 
than the snails in the substrate experiment (60.1% ambient treatments and 49.7% hot treatments). 
Therefore, mud snail laying preference may not change throughout the season, but the local 
scarcity of eelgrass may result in excessive laying on different substrates. Mud snail laying 
preference in the absence of eelgrass should be investigated to determine how mud snail ecology 
and egg capsule predation rates differ on flats where eelgrass no longer exists. 
Eelgrass Restoration Implications: 
         Currently eelgrass restoration efforts have transplanted shoots in the early summer, which 
is peak mud snail mating season (Neckles 2015b). The preferential laying of mud snail egg 
capsules has the potential to profoundly impact future restoration efforts in Casco Bay by 
limiting light availability to transplants, at egg capsule densities that are commonly observed. 
The light stress induced by mud snail egg capsule coverage would disproportionately impact 
these eelgrass transplants relative to established beds, because transplants cannot yet recruit 
resources from thick rhizome mats. Any added stress to transplants, especially stress before their 
first winter, has the potential to greatly impact the long-term success of transplants (Orth et al. 
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2006b; Ochieng et al. 2010).  My failed transplant experiment in July and prior observations by 
Harmon and Allen (2018) demonstrated that there is an actionable change that can be made: 
postpone transplanting operations to July or the fall transplanting season after mud snail laying. 
Future work in the system should consider potential interactive effects between mud snail 
egg capsule laying and eelgrass death by green crab foraging. If green crabs forage on mud snail 
egg capsules, shoots covered in egg capsules may be targeted more often by green crabs 
(Neckles 2015a). Future mesocosm and field studies are necessary to further investigate the net 
interactions of mud snails and eelgrass. The findings of my study on the light blocking potential 
of mud snail egg capsules has implications greater than Maine eelgrass restoration, as similar 
unevaluated phenomena occur on the west coast. Pacific herring lay dense aggregations of egg 
capsules on eelgrass to protect their eggs and provide a nursery for their young; this interaction 
remains unquantified from the perspective of impacts on the eelgrass. At the broadest level my 
study calls for the reevaluation of animal-plant interactions, in which plants are used as 
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Figure 1: Photograph by Dr. Allen in the summer of 2016 in Casco Bay ME. The photo shows an eelgrass (Z. 
marina) meadow in which mud snails (T. obsoleta) are laying dense masses of whitish-yellow egg capsules on 
eelgrass blades. 
	
Figure 2: Schematic of the experimental set up for a community in my mesocosm experiment. Each community 
exposed four eelgrass genotypes to all four of the treatments across four mesocosm containers. In total the 
experiment consider of 5 communities and 20 plant genotypes. Figure created by Layanne Abu-Bader. 
	 37	
	
Figure 3: Predicted mesocosm results were egg capsules inhibit eelgrass growth, while snails provide positive 




Figure 4: Photograph by Matthew Baker in the summer of 2018 in Casco Bay ME. The photo shows bladderwrack 





Figure 5:  The effect of multiple layers of egg capsules on PAR Transmission, where a layer is defined as a density 
of 19.4 egg capsules/cm2 (n=3 at each layer). The data above followed a decreasing logarithmic function of y = 
0.152 + -0.0373 * log(x) with an R2 of 0.935 (p<0.001). Egg capsules were collected from Mussel Beach, ME in the 
Summer of 2018 
	
Figure 6:The effect of densities of egg capsules up to one layer on PAR Transmission, where a layer is defined as a 
density of 19.4 egg capsules/cm2. In order to capture all variation of egg capsule locations above the sensor, I 
measured the PAR transmission through densities of egg capsules when evenly placed (Standard), moved away from 
the center of the sensor (Diffuse), and directly above the sensor (Clustered) (n=3 for each density). The data above 
followed a decreasing linear function of y = y=0.98+ -0.009x,Adjusted R2 = 0.916 p<0.001. Egg capsules used were 




Figure 7: The relationship between the area of egg capsules and their dry mass after heating egg capsules for 48 
hours at 59 deg C (n=23). Egg capsules were collected from Cape Charles VA, in April 2019. 
	
Figure 8: Figure 8: Preliminary data measuring the PAR Transmission through three stages of egg capsule 












Figure 9: The effect of egg capsule fouling status on PAR transmission through the capsules at a fixed density of 
6.06 egg capsules/ cm2 (n=5 for both treatments). Egg capsules were collected from Mussel Beach, ME in the 
summer of 2018 
	
 	
Figure 10: The effect of egg capsule arrangement on PAR transmission through the capsules at a fixed density of 
6.06 egg capsules/ cm2 (n=4 for each arrangement). Egg capsules were laid in lab by snails collected from Cape 
Charles, VA in April 2019 




Figure 11: The mean dry weight of new growth of eelgrass blades normalized for the days the experiment was run 
and the dry weight of the whole plant in four different mesocosm treatments: 1) egg capsules and snails, 2) egg 





Figure 12: The effect of temperature on mud snail substrate preference measured as the proportion of eggs laid on 
each substrate after 8 days (n=3 for each treatment). Hot treatments were maintained at 26 °C and ambient 




Figure 13: Figure 13: Mud snail substrate preference measured as the proportion of eggs laid on each substrate after 
10 days (n=5) . Mud snails were collected from a tide pool in the summer of 2018 at Mussel Beach ME that was 26 
°C and had heavy capsule laying on bladderwrack. 
Table 1: ANOVA table for the three way ANOVA run on mesocosm data. where Community, Shoot Position, and 
Treatment are fixed effects and all two-way interactions were considered. Mesocosm was assigned as a random 
effect. 
Source Numerator df Denominator df F Significance 
Intercept 1 10 176.167 0 
Treatment 3 10 2.354 0.134 
Shoot Position 3 10 0.731 0.557 
Community 4 10 3.019 0.071 
Treatment *Shoot 
Position 4 10 7.572 0.004 
Treatment 
*Community 8 10 6.121 0.005 
Shoot Position 
*Community 8 10 4.127 0.02 
 
